Abstract. We were able to infect Culex quinquefasciatus by the parenteral route with dengue virus type 2. The percentage of mosquitoes infected was dose dependent and we obtained a rate of 45.6% infected Cx. quinquefasciatus when a 10 5.9 MID 50 (mosquito infectious dose for 50% of the individuals as measured in Aedes aegypti) of dengue virus type 2 per mosquito was used. Infection was detected by an immunofluorescent assay performed on mosquito head squashes 14 days after infection. The replication of dengue virus in Cx. quinquefasciatus was either at a very low level of magnitude or generated a large number of noninfectious particles since the triturated bodies of infected Cx. quinquefasciatus did not infect Ae. aegypti mosquitoes when inoculated parenterally. We were unable to infect Cx. quinquefasciatus females orally with an artificial meal that infected 100% of Ae. aegypti females. These findings lead us to agree with the consensus that Cx. quinquefasciatus should not be considered a biological vector of dengue viruses.
Graham, who first demonstrated the transmission of dengue by mosquitoes in [1902] [1903] , thought that Culex quinquefasciatus (formerly Culex fatigans) was the vector. However, he recognized the possibility that Aedes aegypti (formerly Stegomyia fasciata) might have been present, along with Cx. quinquefasciatus, in his transmission experiments. 1, 2 In 1907, Ashburn and Craig observed successful transmission with Cx. quinquefasciatus on one occasion. 3 However, further studies by Cleland and others failed to confirm that observation, 4 and it was hypothesized that the transmission reported by Ashburn and Craig was only mechanical. In 1924, Siler and others were unable to infect Cx. quinquefasciatus on viremic patients, whereas Ae. aegypti fed at the same time became infected and transmitted the infection. 5 Subsequently, Ae. aegypti has been generally accepted as the usual vector of dengue.
In recent years, however, other studies have again raised the question of the role of Cx. quinquefasciatus as a vector of dengue. Several investigators reported the isolation of dengue virus from Cx. quinquefasciatus collected in nature, namely, in China, 6, 7 Vietnam, 8 and New Caledonia. 9 Furthermore, experimental studies carried out in China suggest that this species not only could become infected, but was also capable of the transmission of dengue viruses to mice. 10, 11 Luo reported that Cx. quinquefasciatus could also become infected when fed on patients with acute dengue fever, although both the percentage of mosquitoes infected and the number of infectious particles per mosquito were low. 12 These observations led Luo to conclude that the role of Cx. quinquefasciatus in the transmission of dengue was minor. In contrast, Huang and others observed that each of the four dengue virus serotypes failed to replicate when 10 2 mosquito infectious doses for 50% of the individuals (MID 50 ) were inoculated intrathoracically into Cx. quinquefasciatus. 8 In a previous study, dengue virus was detected in one of 17 Cx. quinquefasciatus inoculated with an unknown number of infectious particles of dengue type 2 virus. 13 Since we had a stock of dengue type 2 virus highly infectious by the oral route for Ae. aegypti, we decided to try to clarify the situation with respect to Cx. quinquefasciatus by using a massive dose of viral particles.
MATERIALS AND METHODS
Mosquito strains. Culex quinquefasciatus Hokama strain originated from a collection of egg rafts from Oahu, Hawaii, in July 1980. The strain has been maintained in Paris since 1983. The Ae. aegypti Paea strain, which was used as a control, was provided by the Louis Malardé Institute (Tahiti, French Polynesia) and has been maintained in Paris since 1994.
Virus. The dengue type 2 virus strain, provided by L. Rosen, was isolated in 1974 from a human serum from Bangkok, Thailand. This virus had been passed successively in different mosquito species (Toxorhynchites amboinensis, Ae. albopictus, and Ae. aegypti) by intrathoracic inoculation. 14 Our viral stocks were produced by inoculating Ae. albopictus cells (C6/36 clone) 15 with triturated infected mosquitoes. The cells were maintained at 28ЊC on RPMI 1640 medium supplemented with nonessential amino acids, penicillin, streptomycin, and 10% heated-inactivated (56ЊC for 30 min) fetal bovine serum (FBS). The percentage of infected cells was monitored during incubation by the indirect fluorescent antibody assay (IFA). 16 When 100% of the cells were infected, the supernatant fluid was collected and the pH was adjusted to 7.5 with 10% sodium bicarbonate. The virus suspension was then divided into aliquots and stored at Ϫ80ЊC until used. Titration of the supernatant fluid was carried out in Ae. aegypti by inoculating serial dilutions of the viral suspension intrathoracically. Mosquito infection was detected by IFA on head squashes. Titers were calculated by the 50% endpoint method and expressed in MID 50 / ml. 17 Three stocks of virus were harvested: seven days after infection for S15 and nine days after infection for S18 and S23. These stocks yielded 10 9.5 , 10 8.5 , and 10 9.7 MID 50 /ml, respectively.
Oral infection of mosquitoes. Oral susceptibility of Ae. aegypti and Cx. quinquefasciatus females was tested using an artificial feeding protocol modified from that described by Tardieux and others. 18 Briefly, 5-7-day-old females were deprived of sucrose solution 24 hr prior to the infectious meal and then allowed to feed for 20 min through a chicken skin membrane covering the base of the artificial feeding apparatus. The feeding mixture consisted of two-thirds * MID 50 ϭ mosquito infectious dose for 50% of the individuals; n ϭ number of mosquitoes tested; -ϭ not tested.
† Indirect fluorescent antibody assay on head squashes; bodies used for titration.
washed rabbit erythrocytes, one-third virus suspension, and ATP (as a phagostimulant) at a final concentration of 5 ϫ 10 Ϫ3 M and was maintained at 37ЊC during the feeding period. Rabbit arterial blood was collected and erythrocytes were washed 24 hr before the infectious meal. The viral stock S15 was used for oral infection. Only fully engorged females were transferred to small cardboard containers and maintained at 28 Ϯ 1ЊC for 14 or 21 days. Surviving females were killed by freezing and tested for the presence of dengue virus by IFA on head squashes.
Intrathoracic infection of mosquitoes. Aedes aegypti and Cx. quinquefasciatus females were inoculated intrathoracically with 0.17 l of serial dilutions of material to be assayed as described by Rosen and Gubler. 14 After an incubation period of 14 or 21 days at 28ЊC, surviving females were killed by freezing and kept at Ϫ80ЊC. Mosquito infection was detected by IFA on head squashes. Bodies were saved individually for latter titration.
Titration of infected mosquitoes. Thirty one bodies of infected females were pooled for Ae. aegypti and also for Cx. quinquefasciatus. Each pool was triturated in 1 ml of RPMI 1640 medium containing 10% FBS. After centrifugation for 20 min, each supernatant was passed through a filter with pores 450 nm in diameter and titrated in both Ae. aegypti and Cx. quinquefasciatus females as described earlier. Table 1 , we were able to infect female Cx. quinquefasciatus with dengue type 2 virus by the intrathoracic route. The percentage of infected individuals was dependent on the amount of virus inoculated and was much higher than that needed to infect Ae. aegypti mosquitoes. When inoculated with 10 3.7 MID 50 per mosquito, 100% of Ae. aegypti were found infected after 14 days of incubation whereas only 0-6.3% of the Cx. quinquefasciatus were infected. With an inoculum of 10 5.9 MID 50 per mosquito, the infection rate of Culex females was still only 45.6%. It should be noted that among the 125 Culex tested for infection in this latter group, 21 were recorded either as slightly positive or negative by two independent readers. These 21 equivocal head squashes were included in the test and counted as negative. The percentage of infected individuals did not increase significantly for an inoculum of 10 5.9 MID 50 per mosquito when the incubation time was extended from 14 to 21 days.
RESULTS

Intrathoracic infection. As shown in
Titration of infected bodies. The intensity of fluorescence was highly variable among Cx. quinquefasciatus head squashes. The fluorescence ranged from very weak to an intensity similar to that observed for Ae. aegypti with typical rings. For titration of Cx. quinquefasciatus, we pooled the bodies from mosquitoes showing a fluorescence on their head squashes similar to that observed for Ae. aegypti. The titer of the Cx. quiquefasciatus pool was less than 10 3.8 MID 50 /ml when titrated in Ae. aegypti or Cx. quinquefasciatus. With an inoculum of 0.17 l, titers lower than 10 3.8 MID 50 /ml cannot be detected by titration in mosquitoes. The titer of the Ae. aegypti pool was less than 10 3.8 MID 50 /ml when titrated in Cx. quinquefasciatus and 10 8.4 MID 50 /ml when titrated in Ae. aegypti.
Oral infection. The Cx. quinquefasciatus females were fed with a mixture containing 10 9 MID 50 /ml. No infected females were detected after an incubation of 14 days (0 of 40) or 21 days (0 of 40). We were able to infect 100% of the Ae. aegypti females with the same amount of virus. DISCUSSION We were able to demonstrate the replication of dengue type 2 virus in Cx. quinquefasciatus inoculated intrathoracically, whereas Huang and others failed to observe replication of the four serotypes of dengue viruses in this mosquito. 8 This discrepancy can be explained by the different amounts of virus used in the two studies. We infected only half of the individuals injected with a dose of virus approximately 10 4 times higher than that used by Huang and others. 8 Our results confirm the finding of Rosen and others, who found one infected Cx. quinquefasciatus of 17 inoculated. 13 However, we were unable to detect infectious particles in the bodies of our infected Culex by titration in Ae. aegypti mosquitoes. This suggests either a very low amount of replication of dengue virus type 2 in Culex mosquitoes, undetectable by our titration method, or the production of noninfectious virus.
We were unable to infect Cx. quinquefasciatus mosquitoes orally with dengue type 2 virus on an artificial feeding mixture, using a dose of virus that infected 100% of Ae. aegypti mosquitoes. This is in contrast with the report that Cx. quinquefasciatus can become infected after a blood meal on a viremic patient. 12 There are several possible explanations for these divergent results. It is known that in the case of dengue viruses, as for most other arboviruses, a much higher titer of virus (usually several orders of magnitude) is required to infect a mosquito on an artificial feeding mixture as compared to a viremic host. 19 Luo reported a low rate of infection for Cx. quinquefasciatus mosquitoes (2 of 39) fed on patients with acute fever within two days of onset. 12 This low infection rate obtained under ideal conditions could explain why we were unable to detect any infection with our artificial feeding mixture. Also, when considering the much higher dose needed to infect Cx. quinquefasciatus versus Ae. aegypti mosquitoes by the intrathoracic route, one could speculate that the same could be true by the oral route. We have shown in previous experiments that a dose close to 10 9 MID 50 /ml is necessary to infect 100% of the females of the Ae. aegypti Paea strain with our artificial feeding mixture. 20 If the same ratio prevailed for oral infection, we would have to use an artificial meal with a much higher titer than we used to infect Culex females. Also, one should note that the different studies used different strains of Cx. quinquefasciatus and that, as for Aedes mosquitoes, 21, 22 the oral receptivity of different strains of Cx. quinquefasciatus could vary. As for the isolation of dengue virus from Culex mosquitoes collected in nature reported by some investigators, 6-9 technical problems such as an undigested blood meal or the presence of an Ae. aegypti mistakenly included in a large pool of Culex could explain the findings. We cannot explain the report of the transmission of dengue virus to mice by Cx. quinquefasciatus. 6, 7 Although we were able to demonstrate replication of dengue type 2 virus in Cx. quinquefasciatus, the very high number of viral particles needed to infect this mosquito by the parenteral route, the apparent low titer of infectious particles produced, and our failure to infect by the oral route lead us to agree with the general consensus that Cx. quinquefasciatus should not be considered a biological vector of dengue viruses.
